Hydroxyapatite (HA) is a calcium phosphate bioceramic widely used for bone grafting and augmentation purposes. The biological response of HA can be improved through chemical and microstructural modifications, as well as by manufacturing it as macroporous implants. In the present study, calcium deficient hydroxyapatite (CDHA) and Si substituted hydroxyapatite (SiHA) macroporous scaffolds have been prepared by robocasting. In order to obtain different microstructural properties, the scaffolds have been treated at 700ºC and 1250ºC. The scaffolds have been characterized and tested as supports for both osteoblast growth and pre-osteoblast differentiation, as fundamental requisite for their potential use in bone tissue engineering.
M a n u s c r i p t 5 grafts, several modifications have been proposed such as the preparation of calcium deficient hydroxyapatite (CDHA) [21] , low temperature methods [22] and silicon incorporation (Si-HA) [23] [24] [25] among other strategies. Apatite based bioceramics treated at temperatures below 900ºC result in materials with many microstructural defects (such as high microporosity and incomplete sintering), which show crystallites smaller than 50 nm in size [21, 24] . Since these features facilitate the dissolution and reactivity with the environment, manufacturing 3D macroporous scaffolds with nanocrystalline ceramics is a very interesting strategy to enhance tissue regeneration in bone defects treated with these grafts. Unfortunately, the mechanical properties of these implants are very poor, involving a serious drawback for skeletal applications. Therefore their sintered derivatives must be also considered.
Cell adhesion onto the scaffold surface is essential for implant integration and subsequent tissue regeneration. Cell attachment is governed by the chemistry and surface topography of the scaffolds, as both factors determine the kind and amount of adsorbed proteins. It is well known that implanted materials are immediately coated with proteins from blood and interstitial fluids.
Extracellular matrix glycoproteins, such as fibronectin and vitronectin, are key mediators of cell behaviour and play an important role in cell adhesion on scaffolds, cell migration and differentiation processes, required for tissue repair [28] . Thus, the scaffold physicochemical properties and the pattern in which adhesion proteins and other bioactive molecules adsorb to scaffold surface, determine the specific cell reactions after implantation. In vitro studies have demonstrated favourable cell responses to charged hydrophilic surfaces, due to the superior adsorption and bioactivity of adhesion proteins [28] .
In the present study, calcium deficient hydroxyapatite (CDHA) and Si substituted hydroxyapatite (SiHA) macroporous scaffolds have been prepared by robocasting. In order to Page 6 of 36 A c c e p t e d M a n u s c r i p t 6 obtain different microstructures, both types of scaffolds have been heated at 700ºC and 1250ºC.
Afterwards, the resulting scaffolds have been tested as support for bone cell growth, as fundamental requisite for their potential use in bone tissue engineering. With this objective, human Saos-2 osteoblast-like cells were cultured in contact with CDHA and SiHA materials, evaluating different cell parameters as morphology, viability, adhesion, proliferation, cell cycle, apoptosis and intracellular content of reactive oxygen species (ROS). The adsorption of culture medium proteins and specific serum proteins (bovine serum albumin and fibrinogen) was also measured on the surface of these materials. have a Ca/P+Si ratio of 1.67 for Si-HA and Ca/P ratio of 1.6 for CDHA.
Materials and methods

Silicon substituted hydroxyapatite (SiHA) and calcium deficient hydroxyapatite (CDHA) synthesis
The solutions were slowly casted into the preheated reactor and stirred for 12 h at 80°C. The pH was kept at 9.5 by NH 3 solution addition. During the reaction the pH was continuously adjusted to 9.5 to ensure constant conditions during the synthesis. The precipitated powders were aged within their mother liquor for 24 hours, and dried at 100ºC for 24 hours. In order to remove residual nitrates and/or carbonates, the powders were treated at 700ºC for 1 hour. Finally, the A c c e p t e d M a n u s c r i p t 7 powders were milled in a planetary ball milling device (Pulverisette 6, Fritsch) and sieved to 75 m.
Preparation of 3D scaffolds
SiHA and CDHA ceramic inks for robocasting with a final solid content of 30 vol.% were prepared as follows: first, a stable suspension was prepared by dissolving 2.5 wt.% (relative to powder content) Darvan® C dispersant (R.T. Vanderbilt, Norwalk, CT) in distilled water and gradually adding the ceramic powder. An appropriate amount (7 mg per mL of liquid in the final suspension) of previously dissolved hydroxypropyl methylcellulose (Methocel F4 M, Dow
Chemical Co., Midland, MI) was then added to the mixture to increase the viscosity.
Subsequently, the ink was gellified by adding 4 vol.% (relative to liquid content) polyethylenimine (PEI) as flocculant. After each addition the mixture was placed in a planetary centrifugal mixer (ARE-250, Thinky Corp., Tokyo, Japan) for a few minutes at 800-1200 r.p.m.
to improve its homogeneity and stability. Three-dimensional scaffolds were constructed via direct-write assembly of the fabricated inks using a robotic deposition device (EnvisionTEC GmbH 3-D BioplotterTM). The printing syringe was partially filled with the ink, tapped vigorously under slight vacuum to remove bubbles, and then placed on the three-axis motion stage controlled independently by a computer aided direct-write program (PRIMCAM version 2.98). The inks were deposited through conical deposition nozzles (smooth-flow tapered tips,
Nordson EFD) of a diameter of 500 μm at the volumetric flow rate required to maintain a constant x-y printing speed. Each layer in the computer 3-D model of the structure consisted of parallel rods with a center-to-center spacing s = 1200 μm. Rods in adjacent layers were orthogonal and the spacing between layers was set to h = 350 μm. The external dimensions of the scaffolds were set at about 14 mm of diameter and 20 deposited layers.
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The samples were dried in air at room temperature for at least 24 h, and then heated in a furnace at 700 °C (1 °C/min heating rate) for 1 h to evaporate the organics, resulting in scaffolds
SiHA-700 and CDHA-700. The sintered scaffolds were heated at 1250 °C (3 °C/min heating rate) for 1 h to avoid microcracking in the sintered body associated to the residual stress generated during the β↔α phase transition due to the differences in density between β-TCP (3.07 g·cm -3 ) and α-TCP (2.86 g·cm -3 ). The thermal treatment at 1250ºC was chosen after measuring the scaffolds strut density and compressive strength for a range of temperatures between 1100ºC
and 1300ºC ( Figure S1 in supporting info). These scaffolds are labeled as SiHA-1250 and CDHA-1250.
Characterization: chemical, structural and microstructural studies of CDHA and SIHA
Elemental chemical analysis was carried out by fluorescence X-ray spectrometry for P, Si and Ca. X-ray diffraction (XRD) patterns were collected with a Philips PW 1730 X-ray diffractometer using Cu K radiation with a step size of 0.02 2º and 8 seconds of counting time.
In order to determine the crystalline and microstructural features of both samples, Rietveld refinements were carried out over the XRD patterns collected. The refinements were performed using the atomic position set and the space group of the HA structure P6 3 /m, no 176 by means of 
Adsorption of bovine fibrinogen on powdered CDHA and SiHA
Analysis of the fibrinogen (Sigma F8630) adsorption was performed by incubation at 37ºC for 4h of 10 mg of either CDHA or SiHA with a solution of this protein (1 mg·mL -1 ) in PBS. The amount of protein which did not sediment after centrifugation was determined from the absorbance spectra of the supernatants, and the percentage of adsorbed fibrinogen was then calculated considering the initial concentration of protein as reference.
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Adsorption of culture medium proteins on 3D scaffolds of CDHA and SiHA
The total content of culture medium proteins adsorbed on 3D scaffolds of CDHA and SiHA was determined by a colorimetric method at 540 nm (Bio-Analítica, S.L.), using a Beckman DU 640 UV-Visible spectrophotometer.
Culture of osteoblast-like cells with powdered CDHA and SiHA
Human Saos-2 osteoblasts-like cells ( A c c e p t e d M a n u s c r i p t
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BioWhittaker Europe, Belgium), and streptomycin (200 μg/mL, BioWhittaker Europe, Belgium), under a 5% CO 2 atmosphere and at 37ºC.
Flow Cytometry studies
After incubation with the different probes, as is described below, the conditions for the data acquisition and analysis were established using negative and positive controls with the CellQuest
Program of Becton Dickinson. These conditions were maintained during all the experiments. At least 10,000 cells were analysed in each sample.
Cell cycle analysis and apoptosis detection
Cell suspensions were incubated with Hoechst 33258 (PolySciences, Inc., Warrington, PA) (Hoechst 5g/mL, ethanol 30%, and BSA 1% in PBS), used as a nucleic acid stain, during 30 min at room temperature in darkness. The fluorescence of Hoechst was excited at 350 nm and the emitted fluorescence was measured at 450 nm in a LSR Becton Dickinson Flow Cytometer.
The cell percentage in each cycle phase: G0/G1, S and G2/M was calculated with the CellQuest
Program of Becton Dickinson and the SubG1 fraction was used as indicative of apoptosis.
Intracellular reactive oxygen species (ROS) content and cell viability
Cells were incubated at 37ºC for 30 min with 100 M 2´,7´-dichlorofluorescein diacetate 
Morphological Studies by Scanning Electron Microscopy
Scanning electron microscopy was carried out with a JEOL JSM-6400 scanning electron microscope. Cells cultured on 3D scaffolds of either CDHA or SiHA were fixed with glutaraldehyde (2.5% in PBS) for 45 min. Sample dehydration was performed by slow water replacement using series of ethanol solutions (30, 50, 70, 90%) for 15 min with a final dehydration in absolute ethanol for 30 min, allowing samples to dry at room temperature and under vacuum. Afterwards, the pieces were mounted on stubs and coated in vacuum with goldpalladium.
Differentiation studies with preosteoblast-like cells.
Murine ALP activity and the protein total value were determined by commercial kits Spinreact (Bio Analitica S.L.). [29] . For this, the culture media were replaced with 1 mL of DMEM and 125 µL of 0.012 g/L MTT solution in PBS. Samples were incubated for 4 h at 37ºC and 5% CO 2 in dark conditions. Then, the medium was removed and 500 µL of isopropanol:HCl 0.4 N were added. Finally, the absorbance was measured at 570 nm using a Beckman DU 640 UV-Visible spectrophotometer. Controls without cells were carried out in order to subtract the colorant retained by the material.
Interleukin 6 (IL-6) detection
The amount of IL-6 in the culture medium was quantified by ELISA (Gen-Probe, Diaclone), carried out according to the manufacturer's instructions.
Statistics
Data are expressed as means ± standard deviations (SD). All the experiments were performed twice and carried out in triplicate (n=6). Statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS) version 19 software. Statistical comparisons were made by analysis of variance (ANOVA). Scheffé test was used for post hoc evaluations of differences among groups. In all of the statistical evaluations, p < 0.05 was considered as statistically significant. for CDHA-700 and SiHA-700, respectively (see Table 1 ). In fact, the thermal decomposition of calcium deficient HA is one of the methods to obtain
Results and discussion
BCPs. The segregation of TCP during the thermal treatment of SiHA could be explained in terms of the stabilization of this phase when HA is heated in presence of silicon, as it has been previously reported elsewhere [30] . The phase composition and the crystallite size parameters are shown in Table 1 
Effects of powdered calcium deficient hydroxyapatite (CDHA) and Si substituted hydroxyapatite (SiHA) on human Saos-2 osteoblast-like cells
In order to evaluate the bone cell response to CDHA and SiHA materials treated at 700ºC and 1250ºC, before carrying out the studies with 3D scaffolds, human Saos-2 osteoblasts were cultured in contact with these four materials in powdered form evaluating different cell parameters. The powders properties were analysed by XRD diffraction, Fourier Transform Infrared (FTIR) spectroscopy and zeta potential measurements. XRD patterns showed the same phase composition and microstructural characteristics as those obtained from the corresponding scaffolds. FTIR spectra ( Figure S2 in supporting info) showed the absorption bands corresponding to phosphates and hydroxyl groups in both 700ºC and 1250ºC treated powders.
None of them showed bands corresponding to carbonates, nitrates or any other residuals that could affect the cell viability. Zeta potential measurements were almost identical than those shown in Table 1 .
Saos-2 osteoblast-like cell proliferation and viability were evaluated after 48 hours in contact with 1 mg·mL -1 of powdered materials. The cells spread and grew showing viability values of 90 % ( Figure S3) . However, the cell proliferation significantly decreased as it has been previously observed for calcium phosphate ceramics treated at low temperature [31] . Non-significant differences in cell number were observed among the four powdered materials after 48 hours of treatment. and G2/M phases after treatment with these four materials and the analysis of SubG1 fraction reveals low apoptosis levels in all cases (Fig. 3 ). However, a slight but significant apoptosis increase was induced by CDHA-700, SiHA-700 and SiHA-1250. Since apoptosis is generally associated with the increase of intracellular reactive oxygen species (ROS) [32] [33] [34] , the effects of 1 mg·mL -1 of the four powdered samples on intracellular ROS content of Saos-2 were studied after 48 hours ( Figure S4 ). The materials did not increase intracellular ROS content of Saos-2 cells and non-significant ROS differences were observed between CDHA and SiHA at the same temperature. The absence of oxidative stress suggests that the low apoptosis levels observed in Fig. 3 (Sub G1 fraction) are due to weak contacts between the cell and the support (tissue culture plastic) in the presence of these powdered materials which can trigger a kind of apoptosis defined as anoikis, induced by loss of cell anchorage [35] .
Interleukin IL-6 plays a protective role by enhancing the intracellular antioxidant reserve of glutathione in different cell types [36, 37] . For this reason the levels of this cytokine were measured in the medium of osteoblasts cultured 48 hours in contact with 1 mg·mL -1 of powdered samples ( Figure S4 ). The treatment with 1 mg·mLA c c e p t e d M a n u s c r i p t 18 significant decrease of IL-6, whereas SiHA-1250 elicits an increase of IL-6 respect to the control (TCP). These results suggest a beneficial effect of the silicon presence in powdered SiHA-1250.
Adhesion and proliferation of human Saos-2 osteoblasts-like cells on 3D robocasted scaffolds
Macroporous 3D scaffolds are aimed to create an adequate microenvironment for bone cell growth by means of mimicking the porous architecture of natural bone [5, 38] . In the present study, a rapid prototyping technique such as 3D robocasting was used to prepare ceramic scaffolds with the synthesised materials. Saos-2 osteoblasts-like cells were cultured for 48 hours on these supports, evaluating their capability to keep cellular adhesion and proliferation on their surfaces. scaffolds was significantly higher (p<0.005) than on CDHA-700 and SiHA-700 scaffolds. A c c e p t e d M a n u s c r i p t
Adsorption of culture medium proteins on 3D macroporous scaffolds
19
Cells attach and spread when in contact with an adequate surface through adhesion proteinsdependent processes. The quality of cell attachment affects the cell morphology as well as their proliferation and differentiation capability [28] . Therefore, the interaction of osteoblasts with bone matrix is an essential event for their differentiation and it is required to develop the specific activities of these cells [39] . Integrins are the major cell receptors involved in the cell-binding-tomatrix proteins, such as fibronectin, type I collagen and vitronectin, via the RGD-sequences [39] .
Under in vitro conditions, the adsorption of these proteins from culture medium determines the early non-specific stage of cell adhesion, facilitating cell spreading on the scaffolds through the formation of a conditioning protein layer that promotes cell adhesion, differentiation and extracellular matrix production [40, 41] . and SiHA-1250 adsorb lower amounts of proteins compared with the scaffolds treated at 700ºC.
However, Saos-2 osteoblast-like cells rather proliferate onto CDHA-1250 and SiHA-1250 than onto CDHA-700 and SiHA-700, as it is evidenced by the mitochondrial activity also shown in Figure 5 (up). The higher amount of proteins adsorbed onto CDHA-700 and SiHA-700 scaffolds can be explained on the basis of their textural properties. The surface area and porosity of the struts is significantly higher in CDHA-700 and SiHA-700 compared with CDHA-1250 and
SiHA-1250, as it can be seen in Table 1 . The surface area and porosity facilitate the wettability of the scaffolds and provide much more contact points for protein anchorage. Table 1 also shows that CDHA-700 and SiHA-700 scaffolds exhibit strut porosity in the mesopore range and the average crystallite size is below 35 nm, pointing out that they are nanocrystalline materials. On the contrary, the highly sintered CDHA-1250 and SiHA-1250 scaffolds, with very low surface areas and porosities, are not able to adsorb the large amount of proteins found in CDHA-700 and M a n u s c r i p t 20 SiHA-700. Moreover, the crystallite sizes of CDHA-1250 and SiHA-1250 are much larger, thus leading to lower surface energy and less protein adsorption. Since the proteins interact at the nanometric level with the surfaces and the surface energy is higher in nanostructured materials, the high protein adsorption in CDHA-700 and SiHA-700 is justified by both textural and thermodynamic reasons.
In principle, higher amounts of proteins adsorbed onto the scaffold surface should increase the cell adhesion and proliferation. However osteoblast-like cells proliferate better on CDHA-1250
and SiHA-1250 scaffolds. This fact can be attributed to the low sintered surfaces and nanocrystalline nature of CDHA-700 and SiHA-700. The nanoparticles detachment and loosening of anchoring elements in CDHA-700 and SiHA-700 seem to result in some degree of anoikis, in a similar way than that observed when osteoblasts are seeded in the presence of powdered samples.
Adsorption of serum albumin (BSA) and fibrinogen on powdered calcium deficient hydroxyapatite (CDHA) and Si substituted hydroxyapatite (SiHA)
Blood and interstitial fluid proteins adsorb onto the biomaterial surface immediately after taking contact. This protein adsorption process determines the future success or failure of the implant [42, 43] . The adhesion of albumin, fibrinogen and other serum proteins to biomaterials has been related with negative effects such as infections and thrombogenicity, mainly due to the enhancement of bacteria-surface interactions and platelet adhesion [44] [45] [46] . In the present study, the adsorption of specific serum proteins as bovine serum albumin (BSA) and fibrinogen was measured on powdered CDHA and SiHA treated at 700ºC and 1250ºC.
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As it can be observed in Fig. 6 , the amount of BSA and fibrinogen adsorbed on powdered samples treated at 1250ºC was significantly lower than on these materials treated at 700ºC (p<0.005), in agreement with the culture medium protein adhesion observed on 3D scaffolds of these hydroxyapatites (Fig. 5, Proteins) . The adsorption of both BSA and fibrinogen on powdered SiHA treated at 700ºC was significantly lower than on powdered CDHA treated at the same temperature. However, the absorption of this two serum proteins on powdered SiHA-1250 was significantly higher than on powdered CDHA-1250.
It is widely accepted that the amount of adsorbed fibrinogen and, more specifically, its conformation are important factors for platelet adhesion which determines the hemocompatibility of a given biomaterial [47] . On the other hand, recent studies demonstrate a reduced in vitro bioactivity of HA surface coated with BSA in comparison to the uncoated surface [48] . The lower BSA and fibrinogen adsorption on samples treated at 1250ºC compared with those treated at 700ºC suggests a better tissue response to CDHA-1250 and SiHA-1250 scaffolds, in agreement with the cell proliferation results (Fig. 5 , Mitochondrial activity).
Proliferation and differentiation of MC3T3 preosteoblast-like cells on calcium deficient hydroxyapatite (CDHA) and Si substituted hydroxyapatite (SiHA) 3D scaffolds
In order to know the effects of the scaffolds on the differentiation of bone cells, undifferentiated MC3T3 preosteoblast-like cells were seeded on the different 3D scaffolds. The cell proliferation and alkaline phosphatase activity (as the key differentiation marker in assessing expression of the osteoblast phenotype) were evaluated. M a n u s c r i p t A c c e p t e d M a n u s c r i p t
Conclusion
